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SPONTANEOUS REIGNITION OF PREVIOUSLY 

EXTINGUISHED SOLID PROPELLANTS 

by Carl C. Ciepluch 

Lewis Research Center 

SUMMARY 

The spontaneous reignition phenomenon associated with the extinction of 
solid propellants by sudden depressurization was investigated experimentally. 
The results indicated that many solid-propellant compositions may be susceptible 
to the reignition phenomenon; however, the occurrence is a function of the opera- 
ting conditions. A l l  propellant compositions exhibited a minimum ambient pres- 
sure limit below which reignition was not obtained. Decreasing the characteris- 
tic time f o r  the expansion, defined as the time required for the pressure to 
reach 50 percent of its initial value, suppressed the tendency for reignition to 
occur. The reignition phenomenon was apparently controlled by a mechanism simi- 
lar to that which is believed to occur in the initial ignition of solid propel- 
lants; the residual chamber combustion gas and the residual heat in the propel- 
lant surface were apparently the primary sources of  ignition energy. 

INTRODUCTION 

The ability to stop combustion in a solid-propellant motor without destruc- 
tion of the assembly would be useful for stop-restart and for large booster abort 
requirements. A technique for extinguishing combustion that offers promise con- 
sists of a rapid depressurization of the combustion chamber. In order to gain a 
better understanding of the mechanisms associated with this process, a research 
program is being conducted at the Lewis Research Center, 
(refs. 1 and 2) have shown that there is a reproducible characteristic time for 
the expansion process, defined as the time required for the pressure to reach 
50 percent of its initial value, below which extinction of combustion is always 
achieved. It was also shown that this expansion time for extinction was substan- 
tially affected by the propellant composition and decreased slightly as the 
initial chamber pressure increased. 

Previous investigations 

On many occasions, however, depending on the conditions of the test, a par- 
ticular propellant would reignite some time after it had been extinguished. 
Since this reignition phenomenon would vitiate the usefulness of the extinction 
process and little information had been reported on this subject, an experimental 
study of this phenomenon was undertaken and is reported herein. The experimental 
apparatus was similar to that used in reference 1 and consisted of a simple slab 
burner. The burner was mounted in am altitude chamber in which the ambient pres- 
sure could be varied from 1 to 0.005 atmosphere, Measurements were made of the 
rate of chamber pressure decrease, and the reignition phenomenon was detected by 
means of a photoelectric tube. 



APPARATUS AND PROCEDURF: 
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The burner configuration used in this investigation is shown in figure 1 and 
was similar to that used in reference 1. The propellant charge consisted of a 
3- by 5- by 1-inch slab, which was allowed to burn on only one of its large 
sides; 3/8 inch of propellant was consumed before the chamber was depressurized. 
A chamber orifice was used to provide the desired constant pressure prior to de- 
pressurization, The pressure decay transient was initiated by suddenly opening 
a chamber vent. Variation in the characteristic time for the expansion was ac- 
complished by varying the vent size, The venting mechanism was modified from 
that reported previously in reference 1 in order to reduce the time required for 
the vent to open fully. These modifications included reducing the vent cover 
and pivot arm weight and increasing the vent cover size, which increased the vent 
opening force. As a result of these modifications, the time required for the 
vent to open fully was negligible, and this produced a very sharp initial change 
in chamber pressure. A quartz window was located on the chamber for observation 
of the combustion luminosity by means of a photoelectric tube. Combustion gases 
were exhausted to an altitude chamber in which the pressure could be varied from 
1 to 0.005 atmosphere. 

The propellant compositions investigated were as follows: 
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aE@oxy cross-linked copolymer of butadiene and carboxylic 

bA blend of nominally 70 percent of 89-p and 30 percent 
monomer (similar to binder commonly called PULA), 

of 11-y powders as determined by a Micromerograph where 
50 percent by weight was finer than indicated diameters. 

'Particle size, 6.7 p. 
dBuming-rate equation: r = KPn, where r is the burn- 
ing rate in inches/sec and P is the pressure in 
lb/sq in. abs as determined for a pressure range from 
400 to 1000 lb/sq in. abs . 

The flame temperatures listed were calculated for a chamber pressure of 
500 pounds per square inch absolute according to the methods described in 
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reference 3. 

Combustion pressure was measured with a water-cooled flush-diaphragm pres- 
sure transducer, which had a natural frequency of 25,000 cps. The output of the 
transducer was amplified and recorded on an oscilloscope and also monitored with 
a direct-writing oscillograph recorder. The characteristic expansion time was 
defined as the period of time required for the chamber pressure to decrease to 
50 percent of its original value. This expansion time was determined from the 
oscilloscope record instead of the oscillograph record, as was done in refer- 
ence 2, in order to obtain higher accuracy. Comparable measurements indicated 
that the oscillograph readings were 10 percent high because of the inherently 
slower response of that type of instrument. The luminosity signal from the 
phototube was recorded on the oscillograph. 

A simple strand burner with a window for observing the flme was used to de- 
termine the minimum combustion pressure of the propellants. 
square by 5 inches long were ignited in the burner at near-atmospheric pressure, 
and then the pressure was gradually diminished until the flame disappeared. The 
pressure in the chamber at the time the propellant was extinguished was observed 
on a vacuum gage. 

Strands 3/8 inch 

RESULTS 

Typical pressure and luminosity records, which illustrate the reignition 
characteristics of both nonalminized and aluminized propellant compositions, are 
shown in figire 2. In both examples the characteristic expansion time was below 
that required for extinction (ref. 2), and although the propellant was extin- 
guished, it spontaneously reignited. This fact is best indicated by the luminos- 
ity records, which show that during the pressure decrease the luminosity dropped 
sharply to zero, which indicated extinction. The propellant remained extin- 
guished for a period of 3.5 and 2.25 seconds for the nonaluminized and the alu- 
minized propellants, respectively, before reignition occurred. The reignition 
point was determined by the first indication of a luminous flame on the lwninos- 
ity record. 
increase in luminosity during reignition. Once reignited, the remaining propel- 
lant was completely consumed except for very thin slivers. For conditions that 
resulted in extinction without any subsequent reignition, no indication of a 
luminous flame was observed after the depressurization. Examination of the 
amount of remaining propellant confirmed that extinction was permanent. 

In some cases this point was not distinct because of the gradual 

A region of unsteady combustion occurred with the aluminized propellant 
composition during the low-pressure burning period after reignition. The 
unsteady flame produced large oscillations in flame luminosity and only mod- 
erate oscillations in the chamber pressure. This unsteady combustion was 
regularly observed -to occur only in the low-pressure range near atmospheric 
pressure and was obtained only with the almdnized propellant c~~osition D. 
Apparently these oscillations are inherent in the combustion process, and 
they are not associated with the usual acoustic type of instability since the 
oscillation frequency range encountered is considerably lower than the natu- 
ral acoustic frequency of the chamber. The oscillatory frequencies obtained 
with propellant composition D ranged from 10 cps at an ambient pressure of 
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1/4 atmosphere to 45 cps at an ambient pressure of 1 atmosphere. 

The effects of both ambient pressure and expansion time on the occurrence of 
spontaneous reignition for composition D are shown in figure 3. The expansion 
time required for extinction is essentially constant and therefore unaffected by 
the range of ambient pressure variation encountered, The critical value of ex- 
pansion time required to just extinguish combustion was approximately 3 milli- 
seconds for the aluminized. composition shown in figure 3. This value is about 
16 percent lower than the value previously reported in reference 2 for essen- 
tially the same propellant composition, Although a small part of the reduction 
in critical expansion time may be due to changes in batches of the propellant 
components, the major reasons for this difference are felt to be the improvements 
in the transient pressure recording system and in the improved venting system as 
discussed in the APPARATUS section. The reignition phenomenon was first ob- 
served at approximately 1/4 atmosphere, and a sharp decrease in expansion time 
was required to prevent reignition. The pressure limit for reignition was then 
found to increase as the expansion time was decreased, which indicated that 
faster expansions tend to suppress reignition. Extrapolation of the bouniiary 
between the extinction and the extinction-snd-r?ignition regions to a pressure 
of 1 atmosphere indicates that an eqansion tim:: of less than 0.5 millisecond 
should prevent reignition. Since the venting apparatus was limited to a minimum 
expansion time of 0.9 millisecond, this test condition could not be attained. 

For those con3itions that resulted in propellant reignition (fig. 3), the 
pzriod of time for which the propellant remained extinguished increased as either 
the expansion time or the ambient pressure decreased; however, there was consid- 
erable scatter in the data. For composition D, which was most thoroughly inves- 
tigated, the period of extinction increased from an average of 1 second to more 
than 20 seconds in some cases as the ambient pressure was reduced from 1 atmos- 
phere to 1/4 atmosphere (near the reignition limit). As expected, the increase 
in extinction time was more pronounced as the reignition limit was approached 
since theoretically the extinction time is infinite at the reignition limit. An 
increase of several seconds in extinction time was observed when the time for 
expansion was decreased from 3.0 to 0.9 millisecond. 

The ambient pressure at which reignition was first encountered was deter- 
mined for several propellant compositions, and the values obtained are listed in 
table I. The minimum pressure at which reignition occurred was determined by a 
trial-and-error process requiring at least five runs to determine the value for 
each propellant composition to within limits of less than 3 or 4 percent. These 
values were obtained for expansion times approximately 20 percent lower than the 
critical value for extinction in order to have a common ground for comparison and 
to avoid ambiguity in the analysis of the results. 
sensitive to propellant composition. The aluminized propellant had the lowest 
reignition pressure limit. 
point, but increasing the initial chad3er pressure decreased the tendency to 
rsignite. 

The reignition behavior was 

The running time did not influence the reignition 

The minimum pressure at which combustion could be self-sustained, as deter- 
mined with the strand burner, was found to 5e 0.048 atmosphere for composition D 
and 0.043 atmosphere f o r  composition B. 
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DISCUSSION OF RESULTS 

Variation in ambient pressure produced no noticeable effect on the initial 
extinction of combustion. This lack of effect was probably due to the fact that 
over the range of ambient pressure investigated there were relatively small 
changes in the pressure decay transient that occurred near the end of the expan- 
sion when the flow through the vent and the nozzle became subcritical. Accord- 
ingly, the lack of influence of ambient pressure on combustion extinction indi- 
cates that the propellant was probably extinguished before the subcritical point 
was reached. 

While the self-sustaining combustion pressure limits were 0,048 and 0.043 
atmosphere for compositions D and B, respectively, the minimum ambient pressure 
at which reignition was encountered was considerably higher than these values. 
It can therefore be reasoned that the reignition pressure limit is not a result 
of the normal combustion limit of the propellant itself but rather that this 
limit must be a function of the energy available for reignition of the propel- 
lant. In reference 4 the threshold energy flux required f o r  ignition is shown to 
increase sharply as the pressure is decreased in the subatmospheric range. 
cardingly, the reignition pressure limit must correspond with the point where the 
ignition energy required is greater than that which is available, and, conse- 
quently, reignition is not encountered. For some propellant compositions that 
msy have either a relatively low ignition-energy requirement or a high combustion 
pressure limit, however, the combustion pressure limit may possibly determine the 
minimum pressure at which reignition is first encountered. 

Ac- 

There are two potential sources of energy available for reigniting the pro- 
pellant: the heated chamber walls and the hot combustion products rem3ining in 
the chamber after depressurization. In view of the large portion of the chamber 
walls that was exposed to convective heating during combustion, the radiative 
transfer o f  heat from these surfaces to the propellant once it has been extin- 
guished could be a possible energy source contributing to reignition. Because 
of the relativdy short burning times, however, the surface temperature of the 
chamber wall did not rise to a high value. The surface temperature o f  the cham- 
ber wall directly above the propellant surface was determined from the graphs 
presented in reference 5, with one-dimansional transient conduction assumed in 
the wall and convective heat transfer at the surface. This calculation was made 
for propellant composition D with the use of a convective heat-transfer coef- 
ficient of 53 Btu per hour per square foot per OF and a gas temperature equal to 
85 percent of the ideal flame temperature. The computed surface temperature of 
the l/Z-inch-thick wall was about 300° I? after a burning time of 1.5 seconds. 
Calculation of the black-body radiation for this surface temperature indicated 
that the energy transfer would amount to 600 Btu per hour per square foot. 
calculated maximum rate of energy flux is insignificant when compared with the 
threshold radiant energy requirements measured for ignition at 1 atmosphere in 
reference 4, and radiant heat transfer therefore appears 50 play a s m a l l  part 
in the reignition phenomenon. 
the usual burning time support this conclusion. The resulting reduction in 
chamber-wall temperature rise should have produced a sizeable decrease in radiant 
flux because of its fourth-power dependence on temperature. 
ence, however, on the minimum reignition pressure (table I). 
energy flux apparently did not influence the reignition phenomenon in these 

This 

The results obtained for composition A with half 

There was no influ- 
Although radiant 
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experiments, it may be important in cases where the temperatures of inert cham- 
ber surfaces are considerably higher than those in this sturly. 

The temperature of the residual combustion gas after depressurization was 
calculated and was considerably higher than the autoignition temperature of the 
propellant, which is generally about 500° F, 
the combustion gas temperature w a s  estimated to be 85 percent of the ideal fiame 
temperature, and the residual gas temperature for this propellant was calculated 
to be approximately 1850' F if an adiabatic expansion from 500 pounds per square 
inch absolute to atmospheric pressure is assumed. Even though this gas tempera- 
ture can be expected to be decreased somewhat because of dilution with propellant 
pyrolysis products during depressurization, the temperature of these gases would 
still be considerably greater than the propellant autoignition temperature and 
consequently could serve as an important energy source for reignition, The flow 
of heat from the residual gases to the propellant surface after extinction and 
after gas flow has halted will be primarily a result of conductive heat transfer. 

For composition D, for example, 

If it is assumed that the residual chamber gas and propellant are in perfect 
thermal contact and that the thermal properties of each are constant, the change 
in sur'face temperature with time can be calculated by nmerical integration for 
the one-dimensional heat conduction case as described in the appendix. The 
following properties were used in this calculation: 
gas thermal diffusivity, 3.43 square feet per hour; gas layer thickness, 0.1043 
foot; propellant temperature, 70' F; propellant thermal diffusivity, 0.00696 
square foot per hour; and propellant thickness, 0.0156 foot. 
propellant surface temperature was determined to be only 2' to 3' F for a heating 
time of 1 second, which was typical of the length of time required for reignition 
to occur f o r  composition D at an ambient pressure of 1 atmosphere. 
it was concluded that heat transfer to the propellant surface from the residual 
chamber gas is not an important factor in the reignition mechanism. 

gas temperature, 1850' F; 

The increase in 

Accordingly, 

It is therefore suggested that the reignition mechanism consists of a gas- 
phase ignition, similar to the mechanism proposed in reference 6, in which flam- 
mable pyrolytic gases, which are generated by residual heat in the propellant 
surface, are then heated to the ignition point by mixing with the residual cham- 
ber gas. The lack of information concerning the propellant pyrolysis rate after 
extinction precludes calculation of the time-dependent concentration and tem- 
perature of the pyrolyzed gases in order to determine the validity of this 
theory. Certain trends in the experimental results, however, tend to support 
this theory, 
table, p. 2), the reignition pressure limit was decreased, that is, the reigni- 
tion tendency was increased (table I). 
results in a correspondingly higher residual gas temperature for a given degree 
of expansion, and, consequently, the tendency to reignite would be expected to 
increase as was noted. Also,  the residual gas temperature, and accordingly the 
reignition tendency, should be diminished by increasing the degree of expansion. 
This effect was noted with composition D, for which it was observed that the 
rsignition pressure limit increased as the initial pressure was increased. 

For example, generally as the flame temperature increased (see 

A higher propellant flame temperature 
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SUMMARY OF RESULTS 

The results of an investigation of the reignition phenomenon following ex- 
tinction of solid-propellant combustion by sudden depressurization are summarized 
as follows: 

1. All propellant compositions could be extinguished by sudden depressuriza- 
tion, provided that the characteristic time of the expansion process was less 
than a critical value; however, in some cases, depending on operating conditions, 
extinction was only temporary, and the propellants would spontaneously reignite. 

2. For each propellant composition a minimum ambient pressure existed below 
which reignition was never obtained. This reignition pressure limit was con- 
siderably higher than the self-sustaining combustion limit. 

3. Decreasing the expansion characteristic time increased the reignition 
ambient pressure limit and thereby suppressed the reignition tendency. 

4. Analysis of the results indicated that the reignition phenomenon was 
similar to a previously proposed gas-phase ignition mechanism and that the energy 
required for ignition probably resulted from a combination of the residual heat 
in the propellant surface and the chamber gases. 

5. The radiant energy from inert chamber walls was calculated to be insig- 
nificant and accordingly did not influence the reignition process. 

CONCLUDING REMARKS 

The results of this investigation indicate that termination of combustion in 
solid-propellant motors will be significantly influenced by the ambient pressure. 
For combustion termination in space at extremely low ambient pressures, there 
appears little likelihood that any reignition will be encountered, and extinc- 
tion will be relatively simple. Combustion termination in the atmosphere, how- 
ever, will be more difficult to achieve because of the fast expansions required 
to avoid spontaneous reignition of the propellant. With propellant compositions 
that readily reignite, the use of a secondary coolant in conjunction with a rapid 
pressure decrease may even be necessary to ensure permanent extinction or to ease 
the venting mechanism requirements. 
seconds or more between extinction and reignition, a coolant or chemical quench- 
ing agent could be injected into the chamber during this period to prevent reig- 
nition. This coolant must be distributed and mixed properly so that either (I) 
the combustion gases remaining in the chamber are cooled to the point where they 
possess insufficient energy to promote reignition or  (2) the propellant surface 
is cooled to decrease the pyrolysis rate and thereby to halt the generation of 
ignitable gases. 

Since there is usually a period of several 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, October 29, 1963 
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APPENDIX - CALCULATION OF TRANSIENT SURFACE T E M p E R A m  OF PROPELLANT 

The numerical calculation is based on one-dimensional transient conduction 
from the chamber gas to the propellant, The equations are similar to those de- 
scribed in reference 7. 
and propellant. 

Physical properties are assumed constant for both gas 
The interface temperature is calculated as follows: 

. .  2 
+ 

ti = 
M MpR 
$+-  2 

where 

K thermal conductivity 

M = &/a LW 

R = A x K / A x K  

t temperature 
.gP P g  

t' new temperature after increment in time A0 

Ax increment in thickness of gas or propellant layer 

a thermal diffusivity 

8 time 

The subscripts g and p refer to the gas and the propellant, respectively; 
the subscripts i, i-1, and i+l refer to the interface and to increments on the 
gas side and the propellant side of the interface, respectively, as shown in the 
following sketch: 
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Temperatures 
mined as follows: 

a t  increments i n  the  gas and the  propellant layers  a r e  deter-  

where n i s  the number of e i t h e r  gas or propellant increments s t a r t i n g  from t h e  
in te r face .  The temperature of the  las t  increments i s  found as follows: 

- t i - n  - t i - n + l  
t i - n  - t i - n  - - 1 

2 M% 

I n  these equations the value of n i s  taken as t h e  t o t a l  number of increments 
f o r  e i t h e r  t h e  gas or t h e  propellant,  depending on t h e  equation being used. 

A t  the  s t a r t i n g  condition ( 0  = 0 sec)  t h e  temperature gradient a t  t h e  i n t e r -  
face i s  i n f i n i t e ,  and, therefore ,  an approximation must be made i n  order t o  start  
t h e  calculat ion.  Since t h e  densi ty  of t h e  propellant w a s  several  orders of mag- 
nitude grea te r  than t h a t  of t h e  gas, a la rge  change i n  propellant temperature w a s  
not expected. A s  an approximstion it w a s  therefore  assumed t h a t  the  in te r face  
temperature w a s  equal t o  the  propellant temperature a t  zero time. This assump- 
t i o n  w a s  s a t i s f a c t o r y  s ince the  calculat ion revealed only a several-degree r i s e  
i n  in te r face  temperature under the  coni-litions f o r  which t h e  calculat ion w a s  made. 
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TABLE I. - MIXIMUM REIGNITION PRESSUFE FOR VARIOUS 

PROPELLANTS AND OPERATING CONDITIONS 

Prop e l  - 
l a n t  

A 

B 

C 

D 

Chamber 
pressure, 

Lb/sq in .  abs 

500 

500 

500 

500 

1000 

~ 

T u n  time, 
sec 

1.4 

0.7 

1.5 

1.1 

1.5 

1 ,2 

Lmbient pressure a t  
rhich r e i g n i t i o n  wai  
f i r s t  encountered,, 

a t m  

0,626 

0.631 

0.51 

0 -46 

0,235 

0.35 
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,- Water-cooled. 
Cross section 1 pressure transducer of propellant-, 

I 

Vert i c a1 s e c t i on 
through nozzle 

or if ice--./ 
I 

Hinge pin- 

\ 
Figure 1. - Combustion-chamber assembly. 
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